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1. 
I would l i k e  t o  d i scuss  the  o p t i c a l  p r o p e r t i e s  of t h e  moon's 
su r f ace  and what can be deduced concerning t h e  outermost m i l l i -  
meter o r  s o  of t h e  l u n a r  sur face  when these  p r o p e r t i e s  a r e  com- 
bined w i t h  appropr i a t e  labora tory  s t u d i e s .  I b e l i e v e  t h a t  t h e  
o p t i c a l  evidence g i v e s  v e r y  s t rong i n d i c a t i o n s  t h a t  t h e  l u n a r  
su r face  i s  indeed covered w i t h  a l a y e r  of f i n e  dus t  of unknown 
th i ckness .  
The moon's su r face  i s  charac te r ized  b y  a number of r a t h e r  
unusual o p t i c a l  p r o p e r t i e s ,  which a r e  summarieed i n  Figure 1. 
The b r igh tness  peaks a t  f u l l  moon, when t h e  source i s  d i r e c t l y  
behind t h e  observer ,  t h a t  i s ,  when t h e  sun i s  d i r e c t l y  behind 
t h e  e a r t h .  The b r igh tness  decreases sharp ly  a s  t h e  phase angle  
i n c r e a s e s  from zero  degrees, and t h i s  i s  t r u e  no mat te r  what p a r t  
of t h e  l u n a r  d i s k  one i s  observing. The upper p a r t  of Figure 1 
g ives  two t y p i c a l  curves i l l u s t r a t i n g  how t h e  b r igh tness  of h ~ o  
a r e a s  vary  as t h e  ang le  of incidence i changes. The upper l e f t  
curve i s  f o r  an  a rea  on t h e  0' meridian of l ong i tude ,  E being 
t h e  ang le  of observat ion.  The upper r i g h t  curve corresponds 60 
a n  a rea  on t h e  60" meridian of longi tude  a s  t h e  angle  of i n c f -  
dence changes. The shape of  the  curves f s  apparent ly  p r e t t y  
much independent of l a t i t u d e ;  one g e t s  a s i m i l a r  s o r t  of photo- 
me t r i c  func t ion  f o r  any l u n a r  l a t i t u d e  a s  long. a s  t h e  longi tude  
remains t h e  same. There i s  some s c a t t e r  about t hese  mean curves 
f o r  va r ious  a r e a s  on t h e  l u n a r  su r face ,  bu t  t h e  depar tures  from 
t h e  mean curves a r e  not nea r ly  a s  s i g n i f i c a n t  a s  t h e  range of 
values which the  r e f l e c t i o n  law f o r  a v a r i e t y  of d i f f e r e n t  k inds  
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of  su r faces  can take.  
I n  t h e  lower l e f t  of Figure 1 a r e  shown curves of po lar iza-  
t i o n  a s  a func t ion  of phase angle $. 
very nea r ly  independent of pos i t i on  on t h e  l u n a r  su r face .  The  
p o l a r i z a t i o n  i s  negat ive f o r  phase angles  l e s s  than about 23O, 
and goes through a negat ive maximum of about 1.0%. Then a t  23' 
o r  s o 9  t h e  p o l a r i z a t i o n  becomes zero  and t h e  plane of po la r i za -  
t i o n  r o t a t e s  90'. 
The shape of t h e  curve i s  
The po la r i za t ion  then  goes th rough  a p o s i t f v e  ' maxinm, when t h e  phase angle  i s  around 90' t o  llOo, depending on 
t h e  a r e a  looked a t .  
e r a l l y  have lower  p o s i t i v e  p o l a r i z a t i o n  and t h e  darker  areas, such 
a s  the maria, have higher  po la r i za t ion .  The p o s i t i o n  of t h e  maximum 
may b e  s h i f t e d  a l i t t l e  b i t  toward l a r g e r  phase angles  f o r  t h e  
da rke r  a r e a s .  
The b r i g h t e r  areas, such a s  the highlands, gen- 
The c o l o r  o f  t h e  moon i s  r a t h e r  s i g n i f i c a n t ;  t h e  moon i s  
redder  than  s u n l i g h t .  The lower r i g h t  p a r t  of Figure 1 shows 
c o l o r  d f f f e rences  on a magnitude s c a l e  versus  wavelength f o r  v a r i -  
ous a r e a s  on t h e  l u n a r  sur face .  T h i s  da ta  has been cor rec ted  t o  
a c o l o r  d i f f e r e n c e  of zero  a t  a wavelength of 5600 , which i s  t h e  
wavelength of t h e  green f i l t e r  we use .  
0 
It i s  convenient t o  cha rac t e r i ze  these photometric curves by 
a number of parameters.  The f i rs t  parameter i s  t h e  normal albedo 
which i s  t h e  b r igh tness  of t h e  su r face  r e l a t i v e  t o  t h e  b r i g h t -  An' 
ness  of a p e r f e c t l y  r e f l e c t i n g ,  p e r f e c t l y  d i f fus ing  sur face ,  b o t h  
a r e a s  viewed and i l lumina ted  normally. The range of normal albedo 
on t h e  moon i s  f rom f i v e  percent t o  about e ighteen  percent .  
3.  
The shape of t h e  backsca t te r  curve can be charac te r ized  by 
t h e  backsca t t e r  r a t i o ,  Bs, which i s  t h e  r a t i o  of t h e  b r igh tness  
0 0 0 a t  E -- 60 and i = 0 t o  t h e  r a t i o  of t h e  b r igh tness  a t  E = 60 
and i = 56 e 
curve of Figure 1. The backsca t t e r  r a t i o  f o r  t h e  cioon i s  soine- 
t h ing  l i k e  0.34 t o  0.48. 
0 These two po in t s  a r e  shown i n  t h e  upper r i g h t  
The p o l a r i z a t i o n  can be  charac te r ized  by t h r e e  parameters:  
t h e  poin t  of nega t ive  niaximum, t h e  inve r s ion  angle ,  ax2 I.  ne 
poin t  of t h e  p o s i t i v e  maximum. On 6he moon the  negat ive maximum 
has the range of about 0.9% t o  1.3$, t h e  inve r s ion  angle  from 
22.5 t o  23-5 ; t h e  value of  po la r i za t ion  a t  p o s i t i v e  raaximum 
ranges from about 5% t o  17g)and t h e  p o s i t i o n  of t h e  p o s i t i v e  
maximum i s  90' t o  120'. 
0 0 
0 
We measured t h e  c o l o r  of our l abora to ry  su r faces  at 4250 A ,  
0 
5600 g 9  and 6450 A,, 
f a c e  a t  t h e  p o s i t i o n  of t h e  b l u e  f i l t e r  on a magnitude s c a l e  
r e l a t i v e  t o  t h e  b r igh tness  at 5600 A; and s imi la r ly  f o r  R - G, 
which r e f e r s  t o  t h e  red  f i l t e r .  Lunar va lues  of B-G a r e  from 
about + O . 3 O  t o  +O.5O; and o f  R-G a r e  from -0.20 t o  -0.30. 
B-G r e f e r s  t o  t h e  b r igh tness  of t h e  sur- 
0 
The f a c t  t h a t  every a rea  on t h e  lunar su r face  possesses 
these unusual o p t i c a l  c h a r a c t e r i s t i c s  shows t h a t  they  must be 
exogenous and a r e  not  due t o  some p e c u l i a r  proper ty  of  l u n a r  
lavas o r  t o  some o t h e r  i n t e r n a l  cause.  I suggested a couple 
of years ago tha t  these rather remarkable l u n a r  photometric 
p r o p e r t i e s  could be explained a s  the r e s u l t  of micrometeori t ies  
impacting t h e  l u n a r  sur face  and pulver iz ing  i t  t o  a very high 
4. 
degree.  
wind t o  darken i t  and otherwise a l t e r  t h e  o p t i c a l  c h a r a c t e r i s t i c s .  
I f  t h i s  suggest ion i s  c o r r e c t ,  t hen  i f  we t ake  a rock of t h e  
proper  composition, g r ind  it up, and i r r a d i a t e  i t  w i t h  protons 
of a few k i l o v o l t s  energy t o  simulate t h e  s o l a r  wind h i t t i n g  
t h e  moon, t h e  r e s u l t i n g  y t e r i a l  should possess  t h e  proper 
photometric p rope r t i e s .  
The r e s u l t i n g  dust  would be ac ted  upon by t h e  s o l a r  
Figure 2 shows t h e  photometric p r o p e r t i e s  o f  hydrogen-ion- 
i r r a d i a t e d  dun i t e  powder. 
moon a t  t h e  same f l u x  a s  measured by Mariner 11, t h e  r a d i a t i o n  
dose which t h i s  powder has received would be equivalent  t o  some- 
t h i n g  l i k e  100,000 yea r s  on t h e  moon. 
photometric p r o p e r t i e s  of the  dun i t e  powder reproduce those  of 
t h e  moon q u i t e  we l l .  
I f  t h e  s o l a r  wind i s  impactfng t h e  
A s  you can see,  t h e  
I would l i k e  t o  spend t h e  remainder of  t h e  time d iscuss ing  
some of t h e  p r o p e r t i e s  o f  t h e  su r faces  which a f f e c t  t h e i r  photo- 
me t r i c  c h a r a c t e r i s t i c s ,  whether one can deduce t h a t  o t h e r  types  
of su r faces  could not have these photometric p r o p e r t f e s ,  and a l s o  
p o s s i b l y  say something about t he  composition of t h e  l u n a r  s u r f a c e ,  
T h i s  l a s t  ob.jective i s  r a t h e r  t e n t a t i v e  a t  p re sen t .  I n  t h e  
l a b o r a t o r y  s t u d i e s  I am about t o  descr ibe ,  I have been helped 
by Hs lxz  Yung Chow and Eddie Wells, who a r e  graduate  s tuden t s  
a t  Corne l l  Universi ty .  
F igu re  3 i s  a scheplatic diagram of t h e  process  which I 
b e l i e v e  i s  respons ib le  f o r  t h e  darkening of t h e  l u n a r  su r face  
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by t h e  s o l a r  wind .  I o n s  from t h e  s o l a r  wind impact t h e  p a r t i c l e s  
which make up t h e  l u n a r  surface and s p u t t e r  atoms o f f  of t h e s e  
p a r t i c l e s .  Assuming t h a t  t h e  moon i s  composed of a s i l i c a t e  
-rock ma te r i a l ,  t h e  sput te red  atoms w i l l  cons i s t  of oxygen, 
s i l i c o n  and var ious  kinds of metals.  Some of t h e s e  spu t t e red  
atoms w i l l  l e ave  t h e  su r face  completely. However, when one has 
a r a t h e r  complex sur face ,  some of t h e s e  spu t t e red  atoms can f l y  
over  and s t f c k  t o  t h e  undersides of ad.jacent rock p a r t f c l e s .  
Because oxygen i s  a more v o l a t i l e  element i t  w i l l  have a lower 
s t i c k i n g  c o e f f i c i e n t  than  t h e  o the r  types of atoms and fewer 
oxygen atoms w i l l  s t a y  on t h e  undersides  of t h e s e  p a r t i c l e s  
than t h e  s i l i c o n  o r  metal  atoms. T h i s  process r e s u l t s  f n  a 
coa t ing  of  a dark ma te r i a l  on t h e  underside of a rock p a r t i c l e ;  
t h e  coa t ing  i s  probably a nonstoichiometric s i l i c a t e  compound 
(ar g l a s s )  which i s  d e f i c i e n t  i n  oxygen. 
The s p u t t e r i n g  a c t i o n  of t h e  s o l a r  wind ,  of course,  w i l l  
a l s o  make e t c h  p i t s  i n  t h e  sur faces  of t h e  p a r t i c l e s  and it 
w i l l  g e n e r a l l y  c l ean  up t h e i r  upper su r faces .  But t h e  primary 
mechanism respons ib le  f o r  t h e  darkening i s  t h e  coa t ing  of t h e  
unders-ide of t h e  p a r t i c l e s  with a t h i n ,  highly absorbing, non- 
s to i ch iomet r i c  compound. L a t t i c e  vacancies i n  such compounds 
would be  h ighly  e f f i c i e n t  i n  producing absorbing e f f e c t s .  
F-igure 4 shows an experiment we d i d  i n  t h e  l abora to ry .  We 
took  a n  aluminum oxide b a l l  and put i t  i n s i d e  an aluminurn oxide 
c r u c f b l e  and bombarded it w i t h  2 kev H e  ions  from above. The 
r 
middle pho to  shows t h e  bombarded b a l l  and 
You can see  t h a t  t h e  unirrad9ated ball i s  
the  un i r r ad ia t ed  b a l l .  
shiny and +,hat t h e  
upper sur face  of t h e  i r r a d i a t e d  b a l l  has been cleaned and 
roughened by s p u t t e r i n g  but t h a t  t h e  undersurface i s  darkened. 
The r i g h t  hand photo  i s  a photomicrograph of  t h e  i n t e r f a c e  be- 
tween t h e  dark and l i g h t  a r eas  of t h e  i r r a d i a t e d  b a l l .  Where 
t h e r e  a r e  l i t t l e  a s p e r i t i e s  s t i ck ing  out f r o m  t h e  b a l l ,  a dark 
s t r e a k  was formed under t h e  a s p e r i t y .  T h i s  s t r e a k  i s  t h e  g e ~ -  
metr ic  shadow of t h e  a s p e r i t y  t o  t h e  ion  beam. 
Figure 5 shows how t h e  i o n  bombardment a f f e c t s  t h e  photo- 
metr9.c p r o p e r t i e s  of some large-s ized ma te r i a l s :  rocks and 
chunks of rocks.  A s  yowcould see  f rom Figure 3, t h e  darkening 
i s  much more e f f i c i e n t  on a rough su r face  than on a smooth 
s u r f a c e  
On many of t h e  following s l i d e s  you w i l l  see a white d f s k  
on a b lack  square;  t h i s  i s  t o  give you an albedo r e fe rence .  The 
dark square i s  b lack  ve lve t  and has an albedo of about one per- 
cen t ;  t h e  d i s k  i s  magnesium oxide powder and has an albedo c lose  
t o  u n i t y .  
F igure  6 i s  a photo of some coarse o l i v i n e  b a s a l t  powders. 
It shows t h e  e f f e c t  of p a r t i c l e  s i z e  and t h e  e f f e c t  of d i f f e r e n t  
types  of i r r a d i a t i o n  on t h e  appearance of a rock powder. The 
t o p  row i s  t h e  un i r r ad ia t ed  mater ia l .  The middle row i s  a f t e r  
lo6  roentgens of gama  r a y  i r r a d i a t i o n  from Co 
row i s  a f t e r  hydrogen ion  i r r a d i a t i o n .  You can see t h a t  t h e  
60 . The bot tom 
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gamma r a d i a t i o n  had no e f f e c t  a t  a l l .  It obviously d i d n ' t  
a f f e c t  t h e  c o l o r  OT t h e  albedo o r  t h e  o t h e r  photometric p r o p e r t i e s  
appreciably,  e i t h e r .  Hydrogen ion  r a d i a t i o n  i s  very e f f i c i e n t  
f o r  changing t h e  photometric p rope r t i e s .  The coa r se r  ma te r i a l s  
darken l e s s  than  the  f i n e r  ma te r i a l s .  
You can understand how f i n e r  p a r t i c l e s  a r e  much more 
e f f i c i e n t l y  darkened than  coarser  p a r t i c l e s  by t h e  mechanism 
which i showed i n  Figure 3 j u s t  because t h e r e  a r e  s o  many more 
f r e e  su r faces .  A l l  n a t u r a l l y  occurr ing rocks  and minerals a r e  
p a r t i a l l y  absorbing. Large p a r t i c l e s ,  whether o r  n o t  they a r e  
bombarded, have t h e i r  o p t i c a l  p rope r t i e s  dominated by  t h e  
absorbing and r e f a e c t i o n  p rope r t i e s  of t h e  rock i t s e l f .  But 
when f i n e l y  ground, t h e  p a r t i c l e s  become t r a n s l u c e n t ,  and i f  an 
absorbing coat ing i s  put on t h e  undersides ,  t h e  o p t i c a l  proper- 
t i e s  are  now con t ro l l ed  by t h e  coa t ing ,  r a t h e r  than  by t h e  o p t i c a l  
p r o p e r t i e s  of  t h e  rock i t s e l f .  
Figure 7 i s  a photo  of f i n e  o l i v i n e  b a s a l t  powders. These 
have been handled somewhat before  t h e  p i c t u r e  was taken.  When 
we f i r s t  t o o k  them out o f  the  vacuum system, they  were q u i t e  
uniformly darkened. Again t h e  gamma i r r a d i a t i o n  had no e f f e c t  
a l l .  Hydrogen ion  bombardment had a remarkable e f f e c t .  Also  
shown fs a sample which we bombarded w i t h  helium ions .  The e f f e c t  
o f  helium ion  i r r a d i a t i o n  i s  about t h e  same a s  hydrogen ion  
i r r a d i a t i o n ,  except t h e  e f f i c i ency  i s  b e t t e r .  The same dose of  
helium ions  w i l l  produce t h e  same e f f e c t s  i n  a much s h o r t e r  time 
8. 
than  an equivalent  dose of  hydrogen ions .  
* 
Before we proceed it  i s  important t o  show t h a t  t h e  darken- 
ing e f f e c t s  of i o n  i r r a d i a t i o n  i s  not due t o  cracked pump o i l  o r  
t o  some o t h e r  spurious e f f e c t .  We have seve ra l  independent 
i n d i c a t i o n s  t ha t  t h e  e f f e c t s  a r e  r e a l ,  but t h e  most dramatic 
p roof  f s  shown i n  Figure 8, 
The ma te r i a l s  i n  each row of F ig .  8 were i r r a d f a t e d  simul- 
taneously,  s i d e  by s i d e  i n  the  vacuum system. The top  row i s  
unt rea ted  ma te r i a l ;  t h e  cen te r  row was i r r a d i a t e d  by hydrogen 
ions ;  t h e  lower row by helium ions .  The powders a r e .  pure 
magnesium oxide,  al-dminwm oxide, and s i l i c o n  d ioxide ,  p lus  mix- 
t u r e s  o f  these three powders. The mixtures a r e  phys ica l  o n l y  
and a r e  not chemically combined. I draw your a t t e n t i o n  t o  t h e  
two n i x t u r e s  of S i 0  w i t h  A1 0 and w i t h  MgO, both  of which 
2 2 3  
darkened apprec iab ly  under hydrogen ion  i r r a d i a t i o n ,  whereas t h e  
pure m a t e r i a l s  darkened only very s l i g h t l y .  T h i s  f i g u r e  i l l u s -  
t r a t e s  t h e  non-l inear  e f f e c t ,  so t o  speak, of t h e  ion  i r r a d i a -  
- t i o n ,  i n  t h a t  one cannot deduce f rom bombarding pure ma te r i a l s  
what t h e  o p t i c a l  p r o p e r t i e s  of a mixture of ma te r i a l s  would be .  
Bombardment by helium ions  darkened a l l  t h e  powders q u i t e  a b i t  
w i th  t h e  exception of t h e  magnesium oxide which darkened ve ry  
l i t t l e .  Even so ,  t h e  mixtures have a lower r e f l e c t i v i t y  than  
t h e  pure m a t e r i a l s .  
T h i s  f i g u r e  a l s o  i l l u s t r a t e s  t h a t  t h e  Si02 l a t t i c e  has a 
r a t h e r  s t rong  r o l e  t o  p lay  i n  t h i s  phenomenon because t h e  mixture 
9. 
of the aluminum oxide and magnesium oxide d i d  n o t  darken nea r ly  
a s  much a s  t h e  mixfvures which contained the s i l i c o n  d ioxide .  
Figure 9 shows some pure metal oxides which we bombarded, The 
f e r r i c  oxide was darkened i n  b o t h  cases  by b o t h  hydrogen and 
heliurn ion  i r r a d i a t i o n  t o  about t h e  same e x t e n t .  Hydrogen Lon 
i r r a d i a t i o n  reduced cupr ic  oxide t o  pure metal  but helium ion  
i r r a d i a t i o n  d i d  not g r e a t l y  a f f e c t  i t ,  T h i s  i l l u s t r a t e s  t h a t ,  
p a r t i c u l a r l y  i n  t h e  case of copper oxide,  t h e r e  ev iden t ly  a r e  
some chemical e f f e c t s  occurring which a r e  important f o r  c e r t a i n  
pure ma te r i a l s  as w e l l  a s  .just the mechanical e f f e c t s  of s p u t t e r -  
ing .  The o t h e r  oxides were a f f ec t ed  only s l i g h t l y  by i r r a d i a t i o n .  
Figure 10  shows some rock-forming mineral  powders before  
and a f t e r  hydrogen i r r a d i a t i o n .  Quar tz  i s  n o t  changed much. 
There i s  a s t rong  c o r r e l a t i o n  between composition and t h e  amount 
of darkening. Basic ma te r i a l s  g e n e r a l l y  t u r n  darker  than a c i d i c  
m a t e r i a l s  and a r e  b l u e r .  
Figure 11 a l s o  i l l u s t r a t e s  t h e  e f f e c t  of composition. I n  
t h i s  f i g u r e  i s  shown e n s t a t i t e ,  which i s  mainly magnesium s i l i -  
c a t e ,  and hypersthene, i n  which some o f  t h e  magnesium atoms a r e  
rep laced  by i r o n .  The hypersthene i s  darker  than  t h e  e n s t a t i t e ;  
i t  i s  a l s o  b l u e r .  In o t h e r  words,  t h e  i r o n  content  has an e f f e c t  
on t h e  o p t i c a l  p r o p e r t i e s  of  an i r r a d i a t e d  mineral .  I t h i n k  t h a t  
t h i s  has  something t o  do w i t h  t h e  f a c t  t h a t  i r o n  i s  a t r a n s i t i o n  
metal  and i t s e l f  forms  nonstoichiometric compounds. 
10. 
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I n  Figure 1 2  a r e  shown some igneous rock powders which w e  
i r r a d i a t e d .  Again t h e  e f f e c t  o f  composition i s  s t r i k i n g ;  t h e  
b a s i c  ma te r i a l s  a r e  ger?erally darkened and less  red than t h e  
a c i d i c  n a t e r i a l s .  I would draw your a t t e n t i o n  t o  t h e  i r r a d i a t e d  
chondr i te .  Note  that  i t  i s  much darker  than  any of t h e  igneous 
rocks.  
Figure 13 gives t h e  e f f e c t  of p a r t i c l e  s i z e  on the quant i -  
4 - 4 -  u a ~ i ~ i e  * photometric p r o p e r t i e s  o f  o l i v i n e  b a s a l t  powder. These 
a r e  t h e  photometric cha r>ac te r i s t i c s  which were defined i n  
connection with Figure 1. The g ray  bands on a l l  t h e  curves a r e  
t h e  range of l u n a r  va lues .  
The normal albedo o f  t h e  un i r r ad ia t ed  ma te r i a l  i nc reases  
a s  t he  p a r t i c l e  s i z e  decreases ,  but f o r  t h e  i r r a d i a t e d  ma te r i a l  
t h e  albedo i s  roughly constant .  The backsca t t e r  r a t i o  decreases  
d r a s t i c a l l y  w i t h  p a r t i c l e  s i z e .  The amount of p o s i t i v e  po la r i za -  
t i o n  i s  a s t rong  f imct ion  of  p a r t i c l e  s i z e  and decreases  i n  a 
very s t r i k i n g  manner a s  one goes t o  smal le r  p a r t i c l e s .  F o r  
l a rge - s i zed  ma te r i a l s  t h e  po la r i za t ion  i s  f a r  t o o  b i g  f o r  t h e  
moon. For l a r g e  p a r t i c l e s  t h e  phase angle  of t h e  p o s i t i v e  po lar -  
i z a t i o n  peak i s  s h i f t e d  t o  much h igher  va lues  than  i s  t r u e  f o r  
t he  moon. I n  our  apparatus  we can only measure up t o  a maximum 
phase angle  of 130' and t h e  p'+ curve i s  s t i l l  r i s i n g  a t  130' f o r  
t h e  p a r t i c l e s  which I have l a b e l e d  w i t h  an a r row.  Thus t h e  
p o l a r i z a t i o n  provides another  i n d i c a t i o n  t h a t  l a r g e  chunks of 
m a t e r i a l  a r e  not  exposed a t  t h e  l u n a r  su r face .  T h i s  was emphasized 
quite a while ago by Dollfus .  
‘The n a t e r i a l  which has been l abe led  a s  being one cent imeter  
i n  s i z e  on t h e  f i g u r e  a c t u a l l y  r e f e r s  t o  t h e  freshly-broken su r -  
f a c e  of s o l i d  rock and i s  not  pulver ized m a t e r i a l ,  
It i s  c l e a r  f r o n  t h i s  f i g u r e  t h a t  only p a r t i c l e s  which a r e  
of the  order  of 1 t o  1 0  microns i n  s i z e  can simultaneoulsy 
reph20c?uce a l l  the l u m r  photometric c h a r a c t e r i s t i c s  , Now, i t  
i s  poss ib l e  t o  reporduce one o r  two of  t h e  l u n a r  photometric 
p r o p e r t i e s  i n  othera ways. For  Ins t ance ,  a high b a c k s c a t t e r  r a t i o  
can b e  obtained >y using chunks of v e s i c u l a r  rock formed i n t o  
a JlJrn’aled. su r f ace  which i s  r i d d l e d  wi th  tunne l s  po in t ing  i n  a l l  
di.raections. However, i n  general ,  such l a r g e  chulrks will have 
a high p o l a r i z a t i o n ,  f a r  t o o  high f o r  t h e  moon, and t h e  phase 
ang le  of  the  rnaximwn p o l a r i z a t i o n  has t o o  l a r g e  a va lue .  Also, 
Lyot and Dollfus  i:i $ h e i r  i n v e s t i g a t i o n s  found t h a t  c e r t a i n  
v a r i e t i e s  of volcanic: ash  would have t h e  c o r r e c t  p o l a r l z a t i  on 
curves;  bu t  t h e s e  ashes  do not have t h e  c o r r e c t  b r igh tness  
func t ions .  
It may be i n f e r r e d  t h a t  t h e  s i z e  d i s t r i b u t i o n  of p a r t i c l e s  
composing t h e  l u n a r  s o i l  peaks somewhere between 1 and 10y. 
Figure  1 4  shows t h e  e f f e c t  of - radiat ion dose  on t h e  photo-  
rnetrfc p r o p e r t i e s  of o l i v i n e  b a s a l t  powder. A l l  the  curves 
s a t u r a t e  i n  a t i n e  which i s  of t h e  order  of a hundred thousand 
years or s o  on t h e  moon. On t h i s  s l i d e  I have a l s o  shown t h e  
e f f e c t  of ganma ray i r r a d i a t i o n ;  t h e  o p t i c a l  prope-rtfes of ma te r i a l  
i 
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t r e a t e d  w i t h  gamma rays  i s  v i r t u a l l y  t h e  same a s  f o r  t h e  u ~ l r -  
r ad ia t ed  m a t e r i a l .  
The e f f e c t  of helium i o n  f r r a d i a t i o n  t o  a dose of about 88 
coulombs/cm2 i s  p r e t t y  much the same a s  a t h r e e  t o  f i v e  t imes 
l a r g e r  dose of hydrogen ion  i r r a d i a t i o n .  
On t h e  basis of t hese  curves,  i t  i s  reasonable  t o  s t a t e  
t h a t  the  average par , t i c le  has  been exposed on t h e  lunar? su r face  
- fnn -- a t i n e  ~ h i c l z  i s  o f  t h e  order of a hundred-thousand o r  a 
m i l l i o n  years .  T h i s  i s  much l e s s  than  any es t imates  o f  t h e  ages 
of  mas$ f e a t u r e s  o n  t h e  l u n a r  su r face .  
Af t e r  prolonged i r r a d i a t i o n  the  albedo of most rock powders 
a c t u a l l y  g e t s  lower than  the lunar  su r face  albedo.  Hence, one 
m u s t  t h i n k  t h a t  the-re i s  some agent which i s  counter-act ing t h i s  
darkening process .  We put some i r r a d i a t e d  rock powder i n  a vacuum 
furnace  and heated it  up t o  45OoC and held it there  f o r  over a 
day. There was no apprec iab le  change i n  t h e  photometric p r o p e r t i e s .  
These coa t ings  appear  t o  be q u i t e  s t a b l e .  
I t h i n k  a reasonable  explanat ion f o r  t h e  h igher  l u n a r  albedo 
i s  t h a t  mdcrometeorites a r e  cont inua l ly  s t i r r i n g  up t h e  su r face  
and exposing undarkened ma te r i a l s .  A t  a l l  t imes one sees  a mix- 
t u r e  of darkened ma te r i a l  and mdarkened ma te r i a l  such t h a t  t h e  
average p a r t i c l e  has been exposed on t h e  l u n a r  su r face  f o r  some- 
t h i n g  l i k e  a hundred thousand years .  
W e  a l s o  inves t iga t ed  t h e  e f f e c t  of  p o r o s i t y  of t h e  su r face .  
We took  t h e  same powder and formed su r faces  b y  press ing ,  pouring, 
and s i e v i n g  t h e  powder i n  order t o  see  t h e  e f f e c t  of compaction 
on t h e  photometric p r o p e r t i e s .  I n  t he  case of b o t h  t h e  pressed 
and t h e  sieved ma te r i a l ,  t h e  photometric peak i s  wider than  t h a t  
of t h e  moon, but f o r  d i f f e r e n t  reasons.  Only t h e  poured ma te r i a l  
gave t h e  correctly-shaped backsca t te r  peak. The pressed powder 
does not have a s u f f i c i e n t l y  complex and open s t r u c t u r e  t o  back- 
s c a t t e r  w e l l .  The sieved powder has t h e  r e q u i s i t e  complex 
stn,wf;ure,  but even a f t e r  i r r a d i a t i o n  t h e  p a r t i c l e s  a r e  somewhat 
c , ~ ~ s i u c e n t .  T K ~  8 l o o s e  s t r u c t u r e  l i g h t  can sh ine  tnrough t h e  
p a r t i c l e s  and t h e p o i d m  w i l l  appear t o o  b r i g h t  a t  l a r g e  phase 
ang le s .  
a r e  s u f f i c i e n t l y  complex t o  backsca t te r  we l l ,  but which w i l l  
a l s o  b lock  some of t h e  t ransmi t ted  l i g h t .  Surfaces  w i t h  t h e  
c o r r e c t  o p t i c a l  p r o p e r t i e s  can be  made by pouring t h e  powder i n  
a vacuum as  wel l  a s  i n  a i r .  
c - ,  ._ 
When a powder i s  poured, t h e  p a r t i c l e s  forn? clumps which 
Apparently the l u n a r  surface i s  not  porous t o  t h e  extreme 
exten: t h a t  Hugh Van Horn and I suggested previous ly ,  The su r -  
f a c e  d o e s  not have t h e  extremely under-dense f a i r y  c a s t l e  s t r u c -  
t u r e ,  but r a t h e r  c o n s i s t s  o f  loose clumps of f i n e  p a r t i c l e s  
which themselves a r e  q u i t e  complex and a r e  capable of back- 
s c a t t e r i n g  s t rong ly ,  but t h e  poros i ty  in s t ead  of  being something 
l i k e  go%, which would be t h e  c a s e  for t h e  f a i r y  c a s t l e  s t r u c t u r e ,  
i s  about 80%. T h i s  i s  s t i l l  q u i t e  under-dense. The powder i s  
very compressive. It has t h e  consis tency of  something l i k e  
baking f l o u r .  I would imagine t h a t  i f  t h e r e  were even a few 
f e e t  of t h e  s t u f f ,  an as t ronaut  would s i n k  i n t o  i t  up t o  h i s  
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knees and would have q u i t e  a time churning h i s  way through, The  
dust  would s t i c k  t o  him and i s  l i a b l e  t o  be q u i t e  a nuisance i n  
a r?mber of  ways. I imagine t h a t  on t h e  moon anything which i s  
a nuisance i s  dangerous. 
Fig.  15 shows t h e  e f f e c t  o f  chemical composition on t h e  
photometric c h a r a c t e r i s t i c s  of rock powders. I n  a l l  ca ses ,  t h e  
e f f e c t  o f  i r r a d i a t i o n  i s  t o  bring t h e  photometric p r o p e r t i e s  
c l o s e  t o  those of the Mooii. The b a c k s c a t t e r  r a t i o  of' t h e  i r r a -  
d i a t e d  powder shown here i s  a l i t t l e  b i t  h igh.  However, i n  t h i s  
experiment we weren ' t  s o  much i n t e r e s t e d  i n  dup l i ca t ing  l u n a r  
pho toze t r i c  p r o p e r t i e s  a s  i n  inves t iga t ing  t h e  e f f e c t  of compo- 
s i t i o n  on t h e  photometric p rope r t i e s ,  s o  we were more i n t e r e s t e d  
i n  uniformity of  t h e  samples. A s  you saw i n  Figure 2 t h e  back- 
s c a t t z r  r a t i o  can be reduced by a proper p repa ra t ion  of t h e  su r -  
f a c e ,  a t  l e a s t  for b a s i c  rock powders. 
Nost rocks  whcn ground i n t o  a f i n e  p a r t i c l e  s i z e  a r e  r e l a -  
tLve ly  c o l o r l e s s ,  s o  t h a t  t h e i r  c o l o r  i n d i c e s  a r e  q u i t e  low. 
Only a f t e r  i r r a d i a t i o n  does the c o l o r  move t o w a r d  the l u n a r  
v a l u e s .  The genera l  tendency o f  t h e  e f f e c t  of i r r a d i a t i o n  i s  
t o  redden rock p a r t i c l e s .  Evidently t h e  dark compounds which 
coat  t h e s e  p a r t i c l e s  abosrb more heav i ly  i n  t h e  blue than i n  
t h e  r e d .  
There a r e  a f e w  remarks t h a t  one can make about t h e  e f f e c t  
of composition. A s  one goes from an a c i d i c  t o  b a s i c  ma te r i a l  t h e  
a lbedo  of t h e  i r r a d i a t e d  powder decreases .  There i s  a s l i g h t  
tendency for2  the  backsca t t e r  r a t i o  t o  decrease,  The po la r i za -  
t i o n  maximum tends  t o  increase ,  and t h i s  i s  d i r e c t l y  connected 
w i t h  t he  decrease ii? albedo. The p o l a r i z a t i o n  i s  cjependent 
on two t h i n g s :  it depends on the  l i g h t  which i s  r e f l e c t e d  from 
t h e  su r face  of t h e  p a r t i c l e s ,  which i s  p o s i t i v e l y  polar ized ,  
and on t h e  l i g h t  which i s  r e f r a c t e d  through t h e  p a r t i c l e s ,  which 
i s  nega t ive ly  polar ized  and. which tends t o  cancel  out some of 
the p o s i t i v e  p o l a r i z a t i o n ,  As  t h e  mate r i a l  is dai.kened and made 
more absorbing,  some of t h e  r e f r a c t e d ,  nega t ive ly-polar ized  l i g h t  
i s  cu t  out and t h e  p o s i t i v e  po la r i za t ion  i s  enhanced. Roughly 
speaking, i r r a d i a t e d  a c i d i c  mater ia l s  a r e  redder  than  t h e  bas i c  
materials, e s p e c i a l l y  t h e i r  blue-green index. However, t h e r e  i s  
not  much v a r i a t i o n  i n  t h e  red-green index. These a r e  rough 
t r e n d s ,  bu t  one can g e t  depar tures  from these  t r e n d s .  
X o w ~  I draw you.r a t t e n t i o n  t o  the  powdered chondr i te  
showfi a t  t h e  extreme r e i g h t  of P i g u m  15. T h i s  i s  a zample of 
P l a i m l e w  (a bror iz i te  chondrite ) a f t e r  r ece iv ing  t h e  same amount 
of i r r a d i a t i o n  as  t h e  r e s t  of the rocks.  Its a lbedo  dropped 
f a r  be low t h a t  of t h e  lunar sur face ,  The p o l a r i z a t i o 9  p o s i t i v e  
maximum was way xp ,to 43%. 
t o  25%. The c o l o r s  remained much b l u e r  than  the  moon. There 
may b e  some indica t io l?  here  that a t  l e a s t  chondr i t i c  meteor i tes  
do not come from t h e  moon. One might t r y  t o  say t h a t  perhaps 
t he  f l u x  of  micrometeorites a t  t h e  l u n a r  su r face  which i s  s t i r r i n g  
up t h e  ma te r i a l  i s  b igger  than w e  t h i n k  it  i s  s o  t ha t  the average 
The nega t ive  minimum dropped down 
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p a r t i c l e  i s  i r r a d i a t e d  j u s t  very s l i g h t l y .  T h i s  would tend t o  
keep most of t h e  o p t i c a l  p rope r t i e s  of t h e  chondr i te  wi th in  t h e  
range o f  l u n a r  va lues  except for t h e  r ed  minus green index, 
which would stay t o o  low. 
The primary reason f o r  the photomebric p r o p e r t i e s  of the 
chondr i te  being d i f f e r e n t  from those  of igneous rocks i s  due 
t o  “,e high m e t a l l i c  i r o n  content of t h e  meteor i tes .  Adding 
15% by weight of metal l ic  i r o n  t o  afiy rock has t h e  e f f e c t  of 
i nc reas ing  t h e  p o s i t i v e  and negat ive p o l a r i z a t i o n s  and of de- 
c reas ing  the co lo r ,  making t h e  ma te r i a l  much b l u e r .  
L would l i k e  f i n a l l y  to see i f  t h e s e  s t u d i e s  can gfve  any 
i n d i c a t i o n  concerning the  composition of t h e  highlands and t h e  
maria. A s  you know, there  a r e  t w o  t h e o r i e s .  One says tha t  t h e  
highlands a r e  o f  d i f f e r e n t  composition than  t h e  maria., Figure 
15 i s  cons i s t en t  w i t h  t h e  highlands being mDre a c i d i c  than  t h e  
maria. 
The o t h e r  theory,  due t o  Gold, i s  t h a t  t h e  ma te r i a l  on the 
highlands conta ins  a l a r g e r  admixture of u n i r r a d i a t e d  ma te r i a l  
i n  the maria.  T h a t  i s  t o  say, the ma te r i a l  exposed on the  sur -  
f a c e  of the  maria i s  o l d e r  on the average than  t h e  ma te r i a l  
covering t h e  highlands.  However, Figure 1 4  shows t h a t  a l l  t h e  
photometric p r o p e r t i e s  a r e  monotonically changing func t ions  of 
y a d i a t i o n  dose. That i s ,  a s  one i n c r e a s e s  t h e  dose,  t h e  p o s i -  
t i v e  p o l a r i z a t i o n  r ises ,  t h e  negat ive p o l a r i z a t i o n  decreases ,  
the  c o l o r  i f idices  a l l  change monotonically, and so on. 
I -  
~ ' -  
Thus, i f  t he  only e f f e c t  we-re one of exposure age, t hen  w e  
would expect t h a t  t h e  d i f f e rences  i n  photometric p r o p e r t i e s  of  
t h e  hfghlacds and the maria would always be  i n  t h e  same d i r e c -  
tion everywhe-re om t h e  moon. It i s  known tha t  t h i s  i s  not  a l -  
ways t h e  case.  A s  f a r  as I know, there i s  no c o r r e l a t i o n  between, 
f o r  i n s t ance ,  t he  amount of negat ive p o l a r i z a t i o n  and t h e  albedo, 
a l though t h e r e  i s  a c o r r e l a t i o n  between p o s i t i v e  p o l a r i z a t i o n  
and albedo. I n  gene ra ld  t h e  maria tend t o  be somevrhat b1ucs 
than t h e  highlands; t 'h i s  i s  j u s t  the oppos i te  f rom what would 
be expected of igneous rocks,  which tend t o  g e t  redder  w i t h  
inc_reasing dose, r a t h e r  than  the  o t h e r  way around. However, 
t h i s  last argument i s  not  a very s t rong  one because igneous rocks 
which aye r i c h  i n  f e r r i c  oxides a r e  i n i t i a l l y  red  and become 
b l u e r  under i r r a d i a t i o n .  
Nevertheless ,  I f e e l  t h a t  there  are some t e n t a t i v e  indfca-  
t i o n s  here  t h a t  t h e  d i f f e rences  i n  t he  photometric p r o p e r t i e s  
of  the l i g h t  and dark areas of t h e  moon are  a t  l e a s t  par2t ly  due 
t o  r e a l  d i f f e r e n c e s  i n  composition and not  ,just t o  d i f f e r e n c e s  
i n  exposure age.  
T h i s  r e sea rch  has been sponsored by a g ran t  from the  
Nat ional  Aeronautics and Space Administration. 
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